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Resonant inelastic x-ray scattering (RIXS) is a well-established tool for studying electronic, nuclear and
collective dynamics of excited atoms, molecules and solids. An extension of this powerful method to a time-
resolved probe technique at x-ray free electron lasers (XFELs) to ultimately unravel ultrafast chemical and
structural changes on a femtosecond time scale is often challenging, due to the small signal rate in conventional
implementations at XFELs that rely on the usage of a monochromator set up to select a small frequency
band of the broadband, spectrally incoherent XFEL radiation. Here, we suggest an alternative approach,
based on stochastic spectroscopy, that uses the full bandwidth of the incoming XFEL pulses. Our proposed
method is relying on stimulated resonant inelastic x-ray scattering, where in addition to a pump pulse that
resonantly excites the system a probe pulse on a specific electronic inelastic transition is provided, that serves
as seed in the stimulated scattering process. The limited spectral coherence of the XFEL radiation defines
the energy resolution in this process and stimulated RIXS spectra of high resolution can be obtained by
covariance analysis of the transmitted spectra. We present a detailed feasibility study and predict signal
strengths for realistic XFEL parameters for the CO molecule resonantly pumped at the O1s→ pi∗ transition.
Our theoretical model describes the evolution of the spectral and temporal characteristics of the transmitted
x-ray radiation, by solving the equation of motion for the electronic and vibrational degrees of freedom of the
system self consistently with the propagation by Maxwells equations.
I. INTRODUCTION
X-ray free-electron lasers (XFELs), delivering high-
brilliance x-ray pulses of femtosecond (fs) duration, have
the potential to revolutionize our ways to probe chemi-
cal reaction dynamics and follow structural changes on
the spatial and temporal scale of nuclear and electron
motion. These structural changes, mostly induced by co-
herent pump sources in the optical, IR, THz, but also
x-ray spectral region, are typically followed by analyzing
the change of the electron density, as for example in time-
resolved implementations of x-ray diffraction, or fem-
tosecond serial crystallography1,2. Time-resolved x-ray
emission3 or absorption spectroscopy4,5, time-resolved
resonant inelastic x-ray scattering6,7 and time-resolved
photoelectron8,9 or Auger spectroscopy10,11 are comple-
mentary analysis tools to study chemical and struc-
tural changes. The combination of x-ray emission spec-
troscopy with x-ray crystallography within one experi-
mental setup allows the study of both structural and
chemical dynamics12,13 at the same experimental con-
ditions and might evolve into a powerful tool. Time-
resolved x-ray emission spectroscopy of chemically and
biologically relevant samples, however, often suffer of
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small signal rates, that could be overcome by coher-
ent amplification of the signal by stimulated x-ray
emission14–16. Most notably, pump-probe experiments
could take advantage of recording good-quality spectra
under a single XFEL exposure. Here, we address the
question of coherent signal amplification of a spectro-
scopic, photon-in photon-out technique – resonant in-
elastic x-ray scattering (RIXS) – with XFEL sources and
present a feasibility study on stimulated inelastic x-ray
scattering of molecular gases with intrinsically incoher-
ent self-amplified spontaneous emission (SASE) radiation
of XFELs. Our studies aim for quantitative predictive
signal estimates, to critically assess new opportunities
of stimulated inelastic x-ray scattering at present-day
XFEL sources.
RIXS is a widely applied spectroscopic technique, that
probes both un-occupied and occupied electronic states,
and is sensitive to electronic, vibrational and elementary
collective excitations17. Applications are wide, ranging
from solid state physics18,19, to high-resolution vibra-
tional spectroscopy of molecules in the gas phase20,21,
hydrogen bonding in liquids22, and studies of charge
transfer23,24, etc. Compared to inelastic x-ray scatter-
ing far above any absorption edges, RIXS adds the ad-
vantage of element specificity of the scattering process,
by tuning the photon energy of the incoming beam close
to inner-shell ionization edges of a specific element in a
molecular complex. In that way, catalytic reaction cen-
ters in large molecular complexes, often containing heavy
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elements and metals, can be specifically probed, and rel-
evant chemical information, for example the oxidation
state of a particular element in a catalytic reaction, or
changes of the valence in charge-transfer processes, can
be measured by a sensitive method.
With the invention of XFELs, providing x-ray pulses
of fs duration, inelastic x-ray scattering is therefore be-
coming a viable tool to study the structural dynamics
of optically induced changes in the gas, liquid and solid
phase and at interfaces with fs time resolution. The in-
formation wealth of RIXS lies in the scanning of the in-
coming photon energy in fine steps through absorption
resonances and absorption bands and recording of the
emission spectrum with high energy resolution25. Being
a photon-in photon-out technique, the information is typ-
ically presented in a two-dimensional map, which displays
a full RIXS spectrum for series of excitation spectrum in
a conventional x-ray absorption spectroscopy scan. At
third-generation x-ray sources based experiments, RIXS
measurements are performed by using a high-resolution
monochromator. At XFEL sources, the use of monochro-
mators requires averageing over many x-ray pulses, since
the effective number of photons in the monochromator
band pass is highly fluctuating. A combination of self-
seeded XFEL pulses26,27 and monochromators is a prac-
ticable experimental setting to overcome this deficiency
for high-resolution RIXS studies at XFEL7. Here, we
want to address stimulated RIXS (SRIXS), i.e. stimu-
lated resonant inelastic (Raman) x-ray scattering, as an
alternative route, to record high-resolution RIXS spectra.
Stimulated electronic x-ray Raman scattering was re-
cently realized in atomic neon gas28, demonstrating co-
herent signal amplification by several orders of magni-
tude (as compared to spontaneous RIXS). Due to the
stochastic nature of SASE pulses, a refined theoretical
treatment29 was necessary, to unambiguously demon-
strate this effect. In usual RIXS measurements, the emis-
sion wavelength shows a linear dispersion with respect
to the incoming photon energy of a narrow-band x-ray
source. A typical RIXS spectrum with a SASE spectral
profile, consisting of mutually phase-uncorrelated spec-
tral intensity spikes, can be understood as an incoher-
ent sum of RIXS spectra of narrow-band sources with
different detuning from the studied resonance. A RIXS
spectrum recorded with a SASE pulse therefore shows
strong shot-to shot fluctuations, with line shifts that are
of stochastic nature. A covariance analysis of an ensem-
ble of single-shot spectra, however, can be applied to re-
veal 2D maps similar to high-resolution RIXS maps. The
goal of this work is to extend SRIXS to molecular gas tar-
gets.
Similar to the x-ray lasing (amplified spontaneous
emission) in molecular targets15, that typically shows
considerably lower gain as compared to the atomic case,
Raman gain, or SRIXS cross sections in molecules tend
to be considerably lower. Reasons for the smaller gain
are the addition of vibrational and rotational degrees
of freedom in molecular samples: The electronic tran-
sition dipole matrix elements in molecules are lowered
by Franck-Condon overlaps. The gain is distributed over
many vibrational channels. In an unaligned ensemble of
molecules, there is a mismatch of the molecular transition
dipoles with the emitted radiation, resulting in smaller
stimulated emission cross sections. A way to circum-
vent the problem of small SRIXS cross section in molec-
ular targets, is to provide seed photons to stimulated the
scattering process. In our previous SRIXS experiment in
atomic neon28 seed photons were provided by the spec-
tral tails of the relatively broad SASE pulses. An al-
ternative is to operate the FEL in recently established
two-color modes27,30, providing two narrow-band SASE
pulses within the usual broadband SASE gain bandwidth
(up to δω/ω ≈ 0.1-1 %). The two central SASE energies
should therefore overlap with the energy of the pump
resonance and the inelastic electronic transition (dump
transition) one wants to amplify (see Fig. 1). Since a
core-excited state can typically decay to different elec-
tronic final states, by varying the dump transition energy,
different valence-excited electronic states can be probed
selectively. This is of special interest for dark emission
channels, that in conventional RIXS experiments are hid-
den by strong neighboring transition lines. A single pair
of SASE pulses will certainly couple to many different
vibrational levels within a single pulse. A much clearer
situation could be achieved by applying two narrow-band
transform limited pulses. Two-color seeded FEL schemes
are, however, currently available only at the EUV FEL
source FERMI in Trieste31.
Here we discuss a statistical approach, based on a co-
variance analysis of the acquired SRIXS spectra in the
two-color SASE scheme, that enables to unravel the rich
vibrational structure of the involved electronic states.
The high-energy resolution on the vibrational level using
broad-band SASE pulses is possible due to the limited
spectral coherence (average spike width in the spectral
domain of the structured SASE pulses)29. Statistically
speaking, the covariance method provides SRIXS spectra
that would have been obtained by varying pairs of co-
herent, narrow-band sources, with a spectral width that
is smaller than the vibrational energy spacing and the
core-hole lifetime. The SASE pulse-parameter regime,
hence, does not allow coherent impulsive stimulated Ra-
man scattering, to pump coherent vibrational or elec-
tronic wave packets, as discussed in applications of im-
pulsive SRIXS (or as stimulated electronic ray Raman
scattering) in the many different pulse-schemes for non-
linear x-ray spectroscopy32,33.
The paper is organized as follows: in Sec. II we present
the two-color scheme of SRIXS with SASE x-ray pulses;
in Sec. III the theoretical model and the numerical ap-
proach are outlined; Results on the CO molecular are
discussed in in Sec. IV, and the method of covariance
analysis is introduced (Sec. IVB); a critical feasibility
study at present-day XFEL sources is presented in Sec.
V.
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FIG. 1. Two-color stimulated RIXS scheme driven by a pair
of temporally overlapping SASE pulses. a) The pump field of
frequency ωp is resonant to the intermediate core-excited state
1Π of CO; the probe field of frequency ωd stimulates inelastic
Raman scattering channel from the core-excited to a valence-
excited state 1Σ−. b) Generalized electronic-vibrational level
scheme of stimulated RIXS in molecules.
II. STIMULATED RIXS SCHEMES DRIVEN BY XFEL
RADIATION
High-resolution SRIXS spectra can be achieved in prin-
ciple using a two-color x-ray source of well defined dis-
crete frequencies ωp, tuned to the energy of a specific
core-excited electronic state, and ωd, which probes in-
elastic scattering channels to a specific valence excited
final state. Independent variation of ωp and ωd allows to
build a two-dimensional SRIXS map σ(ωp, ωd), similar
to the usual RIXS maps recorded at 3rd generation x-ray
light sources. In the case of weak fields the information
content that can be gained in this scheme is comparable
to a conventional, spontaneous RIXS measurement at a
synchrotron source, if the initial state of the system is
the ground state. In conventional RIXS the full emission
spectrum can be collected for one fixed incoming pho-
ton energy ωp, while the SRIXS method with a coherent
x-ray source of two well-defined frequencies ωp and ωd
requires additional scanning of the energy ωd and hence
does not provide any advantages compared to conven-
tional time-resolved RIXS measurements at XFELs7.
Here we apply the two-color SASE XFEL scheme for a
benchmark study of carbon-monoxide (CO), representing
the class of abundant pi−conjugated systems34,35. Near-
edge x-ray absorption fine structure (NEXAFS) spec-
tra at the K-edge of many oxygen, nitrogen and car-
bon containing molecules conjugated by p-orbitals show
a strong pre-edge resonance related to excitation of the
1s electron to the lowest unoccupied molecular orbital34.
This bound-to-bound transition dominates over other
pre-edge resonances and coupling to the electronic con-
tinuum. The transition is typically isolated from the
Rydberg resonances, thus ensuring x-ray scattering via
an isolated intermediate electronic state, and making it
particularly interesting for the study of valence-excited
states of neutral molecules by RIXS. In the present paper
we focus on the numerical simulations for the OK-edge
of CO. The developed method, however, are general and
can be directly applied to the CK-edge of CO, NK- and
OK-edges of N2, O2, NO and other diatomic and small
polyatomic molecules.
In conventional OK pre-edge RIXS spectra in CO,
three partially overlapping excited valence states – 1Π,
1∆, and 1Σ− – have been identified, by resonant scatter-
ing via the 1s-pi∗ resonance35. Stimulated x-ray scatter-
ing with a pair of narrow-band SASE pulses allows to par-
ticularly address one of these valence excited electronic
final states. In an unaligned ensemble of CO molecules in
the ground state, the linear polarized XFEL pump pulse
tuned to the 1s-pi∗ resonance preferentially couples to a
sub-ensemble of molecules with their axis aligned orthog-
onal to the E-field polarization vector ( the Σ−Π transi-
tion dipole moment is orthogonal to the molecular axis).
The dump pulse, having the same polarization direction
as the pump, stimulates emission from the core-excited
sub-ensemble of CO∗ molecules mainly on the Π∗ → Σ,∆
transitions, while the SRIXS cross section to the Π final
state is suppressed due to the dipole interaction symme-
try. The potentials of 1Σ− and 1∆ states are almost par-
allel, and therefore have a very similar vibrational RIXS
profile. In our current analysis, we restrict our study to a
single final state, the 1Σ−, that will dominate the SRIXS
spectrum.
III. THEORETICAL MODEL
In order to get realistic signal estimates and under-
stand propagation effects of the SRIXS process, we em-
ploy a theoretical scheme that follows the evolution of
the molecular system, including vibrational and elec-
tronic degrees of freedom self consistently with the evo-
lution of the electric field as a function of time and prop-
agation distance through the medium. The theoreti-
cal scheme, is a generalization of previous work15,29,36.
The optically pumped medium can be considered as one-
dimensional, given the geometry of the typical setup14,28,
that is roughly of cylindrical shape of large aspect ra-
tio: In a typical experimental setup pulses are focused
to a spot size of a few µm, while the focal depth, lim-
iting the length of the gain medium, confined in a gas
cell is typically a few mm. We suppose transverse ho-
mogeneity of the focused XFEL beam and therefore can
use the paraxial wave approximation for modeling the x-
ray field. Due to the relatively large energy separation
of the two SASE components, we split the total electric
field in two parts E˜(z, t) = E˜p(z, t) + E˜d(z, t), describ-
ing the strong field component on the pump transition
E˜p(z, t) and the dump field E˜d(z, t). The z-direction is
defined as the propagation direction of the XFEL pulse,
and the field is supposed to be linearly polarized along
the x-direction. The electric field components E˜j(z, t)
(j = d, p) are treated in the slow-varying envelope ap-
proximation and are expanded in terms of their driving
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frequencies ωj :
E˜j(t, z) = Ej(t, z)e
i(ωjt−kjz) + E∗j (t, z)e
−i(ωjt−kjz) (1)
For the driving frequencies we chose ωp = 534 eV and
ωd = 525 eV. The SASE radiation is modeled as Gaus-
sian noise37,38 of a Gaussian averaged spectrum of a spe-
cific width (here, we suppose a spectral width of 5 eV
at full width half maximum of the intensity). A numeri-
cal implementation to generate stochastic slowly varying
field-envelopes Ej(z = 0, t) for the input fields can be
found in References39,40. Within the paraxial approxi-
mation, the slow varying, complex envelopes Ej(t, z) are
evolving by41:
∂Ej
∂z
+
1
c
∂Ej
∂t
= −ı
2piN
cωj
Pj −
σphN
2
Ej , (2)
where c is the speed of light in vacuum and N is the
molecular density. The second term of the right hand
side of Eq. (2) describes non-resonant absorption of the
x-ray field due to photoionization of the valence electrons
and the Carbon 1s electrons, governed by the total pho-
toionization cross section σph(ωj). The first term of the
right hand side of Eq. (2) describes the resonant coupling
of the field to the different electronic/vibrational tran-
sitions through the macroscopic polarization Pj . The
macroscopic polarization is connected to the density ma-
trix of the molecular system in the usual way. The slow
varying component Pj of the polarization in the rotat-
ing wave approximation (near resonance with the field
frequency ωj) is given by
Pj = ρgidigωige
ı(ωig−ωj)t + ρfidifωif e
ı(ωif−ωj)t. (3)
The molecular system is described by the density ma-
trix in slowly varying amplitude approximation ρ˜jk ≡
ρjke
ıωkjt, where j = {je, νj} denotes a composed in-
dex referencing the electronic state je and vibrational
quantum number νj (the index k is defined accordingly).
We explicitly treat three electronic states, the electronic
ground state denoted by g, the intermediate O1s core-
excited state i and the final electronic state f . Since the
applied pump and dump fields and the transitions g → i
and i → f are well separated in frequency, we suppose
that the pump field Ep only resonantly couples the vibra-
tional manifolds of g and i and the dump field Ed only
directly couples i and f (see Fig. 1(b)). In that way, the
equation of motion of the density matrix (Liouville – von
Neumann equation) can be simplified by applying the ro-
tating wave approximation and the numerical solution of
the coupled differential equations becomes efficient and
converges fast. The off-diagonal matrix elements of the
slowly varying envelope of the density matrix are gov-
erned by the following equations (in atomic units):
Lˆigρig =
∑
g′
R∗ig′ρg′g −
∑
i′
ρii′R
∗
i′g +
∑
f
R∗ifρfg,
Lˆifρif =
∑
f ′
R∗if ′ρf ′f −
∑
i′
ρii′R
∗
i′f +
∑
g
R∗igρgf ,
Lˆfgρfg =
∑
i
Rifρig −
∑
i
ρfiR
∗
ig, (4)
Lˆggρgg′ =
∑
i
Rigρig′ −
∑
i
ρgiR
∗
ig′ ,
Lˆffρff ′ =
∑
i
Rifρif ′ −
∑
i
ρfiR
∗
if ′ ,
Lˆiiρii′ =
∑
f
R∗ifρfi′ −
∑
f
ρifR
∗
fi′
+
∑
g
R∗igρgi′ −
∑
g
ρigRi′g, ,
where we defined
Lˆlk = −ı
(
d
dt
+ Γlk
)
, l, k = g, i, f, (5)
with the decay rates Γlk defined as
Γll = Γl + Γ
l
ph, l = g, i, f, (6)
Γlk = (Γl + Γk + Γ
l
ph + Γ
k
ph)/2, l, k = g, i, f, .
We defined the complex Rabi frequencies Rig and Rif
Rig(t, z) = Ep(t, z)dige
ı(ωp−ωig)t,
Rif (t, z) = Ed(t, z)dif e
ı(ωd−ωif )t, (7)
and ωig (ωif ) is the transition frequency between vibra-
tional sublevels of the ground g (final f) and the inter-
mediate i states (see Fig.1(b)). The transition dipole
moment dij = dij,e〈νi|νf 〉 (j = g, f) is a product of the
total electronic transition dipole moment and the vibra-
tional Franck-Condon factors. For the CO molecule, the
purely electronic transition dipole moments are fixed by
by dgi,e = 0.05 a.u., dif,e = 0.03 a.u., as determined
by an ab initio CASSCF calculation using the MOLPRO
package42. The Franck-Condon factor analysis is per-
formed with the help of the solution of the stationary
Schro¨dinger equation using the potential energy curves
from Ref.35. Let us underline, that the dipole interac-
tion also depends on the angle θ between the electric
field polarization and the transition dipole moment of
the molecule (E · dij) = Edij cos(θ). In order to compute
the polarization Eq. (3) of the system one actually has to
average over a randomly oriented molecular ensemble43.
This approach is numerically expensive, since the Eqs.(4)
have to be solved independently for numerous values of
the angle θ. In order to reduce computational costs, in
the present model we use a reasonable approximation re-
placing the transition dipole moments by their rotational
averages dij,e ≡ 〈dij,e〉ζ , where 〈...〉ζ means average over
angle ζ between the molecular axis and polarization vec-
tor of the electric field. For the Σ − Π transitions dis-
cussed here 〈dij,e〉
2
ζ = d
2
ij,e〈sin
2 ζ〉 = d2ij2/3.
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We treat the decay of the density matrix elements by
photo ionization, introducing a time and propagation-
distance dependent decay rate
Γph = σphΦ(z, t), (8)
where σph is approximated by the total ionization cross
section at the photon energy of the pump pulse including
ionization of the C 1s and valence electrons, and Φ(z, t) is
the flux of the x-ray field. Specifically, we use σph = 0.2
Mb, which was estimated using atomic values for the
cross-sections σph(C1s) ≈ 0.17 Mb, σph(2p, 2s) ≈ 0.03
Mb44. The Auger decay of the intermediate core-excited
state in Eqs. (4) is treated phenomenologically by the
decay rate Γi = 0.16 eV (FWHM)
45. Since we neglect
electron collisions at the considered rather low gas den-
sities, the decay rate of the ground state (other than
photoionization) is Γg = 0. The radiative decay of the
valence-excited final states, that are dipole forbidden, are
neglected (Γf = 0), since the decay times are long com-
pared to all other time scales, and decay by photoioniza-
tion (Γph) is dominating.
Although the overall decrease in the spectral inten-
sity by above threshold absorption (absorption involv-
ing transitions from the valence electrons and Carbon
1s shell) is considered in our model, the model does not
include resonance absorption of O 1s electrons in molec-
ular ions. The resonant Auger decay and thus the pro-
duction of molecular ions is still the dominant decay pro-
cess in the system, despite stimulated inelastic scattering.
In our recent experiment46 absorption dips of molecular
ions were observed in the transmitted spectrum. How-
ever, only a few resonant transitions of molecular CO
ions are known in the literature35 and ab initio calcu-
lations of the energy position and strength of the O 1s
core-excited resonance position in molecular ions are not
accurate enough. This makes it thus very challenging to
identify the resonances that were observed in absorption
and to quantitatively predict the changes of the transmit-
ted spectrum by the diversity of absorption lines. The
resonant absorption of the radiation by molecular and
atomic ions is therefore omitted in our model. The exper-
imental conditions (mostly the optical depth) have to be
optimized to maximize the Raman gain while minimizing
spectral features resulting of the resonance absorption.
We solved equations (2)-(4) numerically using a finite-
difference scheme for the wave equation and the 4th order
Adams method47 for the density matrix equations. That
implementation optimizes the computation time, since
the convergence for the off resonant component requires
a small integration time step. In the present case the
results are converged with a time step of ∼ 10−2 fs.
In this study, we fixed the molecular density to N =
2.5 × 10−19 cm−3, corresponding to the typical experi-
mental conditions. With a flat, cylindrical focus profile,
the 1D model system is invariant with respect to rescal-
ing of the density and length of the system, under the
constraint of keeping the optical density (density-length
product) constant. In order to reduce CPU time, we
rescaled the density and length of the medium as com-
pared to the experimental conditions: the molecular den-
sity N ′ = N × 103 was increased by a factor of 1000,
whereas the length of the medium was downscaled by
a factor of 1000 to z′ = z × 10−3. The values for the
pulse energy W and number of photons in the pump
(Np) and dump contributions (Nd) of the SASE beam
(W = ~(ωpNp+ωdNd)) are to be understood as effective
values in the interaction region. Typically the beam-line
losses are on the range of 80-90%, which has to be ac-
counted for, if comparing the quoted values to typical
machine parameters (that are typically quoted without
taking into account transport losses to the experimental
stations). In our calculations we suppose a cylindrical-
shaped focus of a cross sectional area of sx = 7 µm
2. The
number of photons on target therefore relate to the field-
amplitudes of Ep,d as Np,d = (csx/8pi~ωp,d)
∫
|Ep,d|
2dt.
In the numerical simulations we employ SASE pulses of
a rectangular envelope of τx =100 fs duration. Both, the
pump and dump pulse are considered to be overlapping in
time and have the same duration. These long pulse dura-
tion ensures, that the spectral coherence (average width
δω of a spectral SASE spike) is smaller than the vibra-
tional level spacing, i.e. δω ≥ 4 ln(2)/τx ≈ 0.02 eV, a
prerequisite to obtain vibrationally resolved spectra (see
Sec. IVB). The final spectrum Ip,d(ω, z) is obtained by
Fourier transform and squaring of the corresponding field
component Ep,d(t, z).
IV. RESULTS AND DISCUSSION
A. Raman gain and amplification
The first thing to investigate is the expected level of
amplification of the seed pulse by SRIXS. In the atomic
case28, amplification of the seed photons by 6-7 orders
of magnitude were observed, by pumping the pre K-edge
Rydberg states. For molecular targets, generally lower
Raman gain and amplification levels are expected. To
quantitatively predict the Raman gain, Eqs. (2)-(4) were
solved for an ensemble of 4000 pairs of SASE pump and
dump pulses, for realistically achievable pulse parameters
at the LCLS XFEL. We suppose 1012 photons in a 100
fs long pump pulse and 1010 photons in the dump pulse
and a focal area of 7 µm2, resulting in average intensi-
ties of 6.5×1016 W/cm2 and 6.5×1014 W/cm2, respec-
tively. Fig. 2(a) shows the ensemble-averaged spectra
for the incoming (z = 0) pair of SASE pulses (each of
them is by construction a Gaussian with 5 eV width at
FWHM) and the transmitted pulses for different prop-
agation lengths through the medium. The O1s → pi∗
resonance has a relatively strong electronic dipole transi-
tion element of 0.05 a.u., that at the relatively high pump
intensities of 6.5×1016 W/cm2 translates into a Rabi fre-
quency of 2.6 eV and Rabi period of 1.6 fs. This implies
that the pump pulse drives strong Rabis oscillations, with
a period shorter than the Auger lifetime48,49. Propa-
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gating through the medium, the pump pulse is strongly
absorbed on the O1s → pi∗ resonance in CO (broad ab-
sorption feature centred at 534.5 eV, Fig.2(b)). The life-
time width of each vibrational state is Γi = 0.16 eV,
corresponding to a core-hole Auger lifetime of 4 fs. With
an averaged vibrational energy spacing of 0.166 eV50,
the individual vibrational states should be observable
in the absorption spectrum. Due to the strong nonlin-
ear resonant coupling inducing Rabi oscillations (see Fig
6) and broadening of the absorption features, the vibra-
tional structure is, however, washed out. The vibrational
structure can however be observed in the weak pump
regime (see Section IVB). Stimulated resonance scatter-
ing on the O1s → pi∗ transition leads to amplification
(Raman gain) on the low-energy SASE pulse (Fig. 2(b),
left panel), and clearly a peak grows out on the Gaussian
averaged spectrum at 525 and 525.6 eV photon energy
(Fig.2(b), left panel), as the pulses are co-propagating
through the medium. Both spectral components are at-
tenuated about one order of magnitude due to the non-
resonant absorption channels (photoionization of C1s and
other orbitals). Compared to the transmitted incoming
SASE pulse, an amplification of 1.4 times is observable in
the transmitted spectra at the peak of the SRXIS feature
at 525 eV photon energy.
To estimate the average Raman gain as a function of
the applied intensity, we varied the incoming number
photons in the pump SASE beam. Fig. 3 shows the
Raman amplification of the dump pulse defined by
Ad = Nd exp(σphNz)/Nd(0)− 1, (9)
(lower panel) and the transmission of the pump pulse
Tp = Np exp(σphNz)/Np(0)− 1, (10)
(upper panel) as a function of the propagation distance
through the medium for various numbers of incoming
photons, ranging from 1010 to 1013. The transmission
and amplification is corrected for the overall off-resonant
absorption in the medium. Strong pump intensities in the
nonlinear resonant coupling scheme result in high Ra-
man gains, as it is shown in Fig. 3. Beer-Lambert’s
law of exponential absorption is only valid for up to
1010 photon per pump pulse. Strong resonant coupling
at Np = 10
11 results in higher transmission and reso-
nant propagation of high-intensity effective n2pi-pulses
through the medium51. The Raman amplification ini-
tially grows exponentially, but due to the absorption of
the pump radiation, exponential amplification can be
maintained only up to a certain propagation distance z.
To achieve high Raman gain, also the choice of the
intensity of the dump (seed) pulse is important. As a
measure of the Raman gain, we introduce the integrated
Raman amplification GR(z) near the maximum of the
emission feature at 523.5-526.5 eV (see Fig. 2b) as
GR(z) =
∫ 526.5
523.5
dωId(ω, z)e
σphNz∫ 526.5
523.5 dωId(ω, z = 0)
− 1, (11)
where Id denotes the spectral intensity of the dump pulse
at position z in the medium. Fig. 4 shows the integrated
Raman amplification GR(z) as a function of the num-
ber of pump photons for several values of the number
of the dump (seed) photons ranging from 106 to 1011.
The relative amplification drops for a number of pump
photons exceeding 1010. At this particular photon num-
ber, the intensity reaches the saturation intensity on the
1Π∗ →1 Σ− transition, i.e. the intensity is high enough
so that the rate for stimulated scattering becomes com-
parable to the Auger-decay rate. Below this saturation
regime, the amplification factor is nearly independent of
the number of seed photons, corresponding to the so-
called small signal gain region (see inset in Fig. 4). To
have a realistic chance to see Raman gain in the av-
eraged spectra, a Raman amplification of at least 50%
should be targeted. For the considered pulse durations
and focal size, this implies a number of pump photons
Np ≥ 5×10
11 and a number of dump photons Nd ≤ 10
10.
The typical two-color spectrum of an incoming (z = 0)
and transmitted (for a propagation length of z = 2.5
mm) SASE pulse can be seen in Fig. 5 for three combi-
nations of pump- and dump-pulse energies. Intense pump
fields strongly couple the ground and core-excited states
and trigger nonlinear population dynamics (Rabi flop-
ping). Fig. 6 shows the occupation probabilities of the
electronic ground, core-excited and final states, summed
over the different vibrational states, as a function of time
for a single pair of SASE pulses. Fig. 6(a) shows that in
the case of strong pump intensity after 20 fs the ground-
state is mostly depleted by core-excitation. Rabi oscil-
lations are induced between the electronic ground and
intermediate states (oscillations starting at around -48
fs). Only a small fraction (on the level of 1%) of the
core-excited population is transferred by stimulated res-
onance scattering to the final valence-excited state. The
Raman gain is, hence, quite low and the majority of core-
excited states decay by the resonant Auger effect. The
strong-field limit, although favorable in terms of Raman
gain, disguises the spectral information due to nonlinear
resonant coupling. Rabi oscillations induce broadening of
the spectral features. If one is not interested in strong-
field features, and wants to obtain high-resolution spec-
tra without altering the spectra by strong-field effects, a
lower pump intensity has to be chosen.
The case of the low pump field regime Np = Nd = 10
10
photons is presented in Fig. 6(b). The core-excited state
population is rather small in this case (≤ 5 %). At the
peaks of the pump pulse (Fig. 6(b)), the linear decrease
of the ground state population is interrupted by weak
Rabi oscillations between the core-excited and ground
state populations. The final state’s population is also
small, but in the present case it shows a higher popu-
lation transfer of ∼ 20% from the intermediate to the
final state. The analysis of the population, the gain and
the transmitted spectrum (Fig. 2) allows to determine
an optimal optical density of the sample for a given set
of XFEL pulse parameters. Keeping the molecular den-
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FIG. 2. a) Dependence of the pump Ip(ω, z) (right) and dump
Id(ω, z) (left) spectra on propagation length for the strong
pump regime (Np(0) = 10
12, Nd(0) = 10
10 photons per pulse,
pulse duration is 100 fs). The spectral profiles at various prop-
agation distances z are averaged over 4000 individual SASE
shots. The spectra are normalized to the maximum of the
incoming intensities. b) Relative change of spectral intensity
[I(ωi, z)e
σphNz/I(ωi, 0) − 1] at z = 5 mm for the dump ωd
(left) and pump ωp (right) field, respectively.
sity fixed, the optimal length of the medium corresponds
to roughly to 1-3 absorption lengths at the resonance.
This ensures strong population of the intermediate state
and maximal SRIXS amplification. With the parameters
used in the simulations of Figs. 2, 6 the optimal medium
length is ∼ 3 mm.
B. Covariance analysis for high-resolution spectroscopy
In the case of moderate pump-field intensities, high-
resolution SRIXS photon-in photon-out spectra can be
obtained by covariance analysis of the spectra29. To stay
in this weak-field limit, we fix the number of photons
in the incoming pump pulse to 1010, corresponding to
a pulse energy of ∼ 1 µJ. Fig. 5(c) shows the incoming
and transmitted spectra for a representative pair of SASE
pulses. On a linear scale the pump pulse is absorbed af-
ter a propagation distance of 2.5 mm. As evident from
Fig. 6(c) the population of the intermediate state is be-
low 5% at the entrance of the medium, and drops down
to below 0.1% at z = 2.5 mm (not shown here). The ex-
pected spectral Raman amplification is typically in the
range below 5% (see right panel of Fig. 5(c)), and realis-
tically unobservable in a single spectrum or the average.
The SRIXS process is, however, extremely sensitive to
the spiky spectral structure of the SASE pulses: To en-
sure strong resonant coupling on the pump transition,
the peak of a spectral spike at frequency ωp,s (where s
Length (mm)
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FIG. 3. Pulse attenuation/amplification as a function of prop-
agation length according to Eqs. (9,10). In order to clearly see
the effect of the resonant scattering processes, the off-resonant
absorption is subtracted from the results of the simulations
(see text). Transmission and Raman amplification are shown
for several incoming pump energies (see plot legends). The
incoming dump pulse contains Nd(0) = 10
6 photons. The
pulse duration is 100 fs. All calculations are averaged over
128 SASE shots.
counts the peaks of the stochastic spectrum) of the in-
coming pump field has to overlap, or be sufficiently close
to a vibronic transition ωg,{i,νi} of the ground state to
one core-excited intermediate state {i, νi}. According
to the linear dispersion of resonance scattering follow-
ing from the Kramers-Heisenberg equation for second or-
der perturbation theory25, a spectral spike of the dump
(seed) pulse ωd,s has to energetically match the energy
difference ωd,s = ωp,s − ωg,{f,νf}, to a specific final state
{f, νf}. As a consequence, there is a correlation between
the absorption strength of specific spikes of frequency
ωp,s and Raman gain of specific spikes of frequency ωd,s.
A covariance analysis29,52,53 unravels this correlation and
is able to map-out the complete vibronic level structure
of the underlying molecular system. Evidently, this infor-
mation is lost by simply averaging the spectra (see Fig.
2). The spectral covariance CT (ωp, ωd; z) at propagation
distance z is defined by
CT (ωp, ωd; z) =〈Ip(z, ωp)Id(z, ωd)〉
−〈Ip(z, ωp)〉〈Id(z, ωd)〉. (12)
For small Raman gain it is advantageous to define the co-
variance of the difference spectra between incoming and
outgoing pulses:
C∆(ωp, ωd; z) =〈∆Ip(z, ωp)∆Id(z, ωd)〉
−〈∆Ip(z, ωp)〉〈∆Id(z, ωd)〉, (13)
∆Ii(z, ω) =Ii(z = 0, ω)e
−σphNz − Ii(z, , ω) i = p, d
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FIG. 4. Integrated Raman amplification GR (11) in spectral
domain 523.5-526.5 eV at z = 10 mm as a function of the
pump energy. The incoming dump pulse energies are shown
in the figure legends. The off-resonant absorption was sub-
tracted the same way as in Fig. 3. The inset presents the
same dependence in log-scale on both axis, showing an ex-
ponential grows of the emission with increase of the pump
energy.
Experimentally, this would imply to measure both spec-
tra Ip and Id with high resolution and find a procedure to
adequately renormalize the transmitted spectrum to cor-
rect for nonresonant absorption in the medium. In this
analysis we, according to our absorption model in the
medium, applied the normalization factor eσphNz to the
incoming pulses. Fig. 7 shows the covariance maps of Eq.
(12) and (13) for an ensemble of 4000 simulated pulses.
The incoming x-ray pulses, by construction, do not show
any correlations, so that the covariance CT (z = 0, ωp, ωd)
is that of Gaussian noise (Fig. 7(a)). As propagating
through the medium, the correlation between absorption
and emission frequencies is building up and the fine vi-
brational structures and linear energy dispersion of the
SRXIS process are clearly visible for the covariance of the
transmitted spectra for the full propagation distance of
z = 1.25 mm (Fig. 7(b)). The vibrational fine structure
and quality of the covariance map improves considerably
when looking at the covariance of the difference spectra
C∆ (Fig. 7(c,d)). Moreover, a clear vibrational struc-
ture is already visible for an optically thin medium (Fig.
7(c)).
The fine vibrational structure observed in Fig. 7 is
clearly related to the final state vibrational progression.
Indeed, the spectral features of the covariance maps fol-
lows the Raman law ωp − ωd = ωg,{f,νf}, where ωg,{f,νf}
denotes the RIXS energy loss. The spectral resolution
here is limited mainly by the average spectral width of
the individual SASE spikes δω.
To demonstrate that the SRIXS covariance map in the
weak-pulse limit recovers the vibronic level structure of
the system, including excitation energies, Frank-Condon
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FIG. 5. Two-color SASE spectra at z = 0 (thick orange lines)
and z = 2.5 mm (thin black lines) propagating distance in
the CO medium; we corrected for the off-resonant absorp-
tion and all the spectra are normalized to the maximal peak
intensity at z = 0. The calculations use the same SASE spec-
tral profile renormalized to the specific number of incoming
photons: (a) Np = 10
12 photons and Nd = 10
10 photons,
(b) Np = Nd = 10
12, and (c) Np = Nd = 10
10 photons.
The right panels show the spectral difference of the incom-
ing and outgoing pulses ∆Id(ω, z)/max[Id(ω, 0)] normalized
to the maximal peak intensity at z = 0.
factors and transition strength, we analyze narrow spec-
tral bands at fixed pump frequency ωp and compare them
to conventional RIXS spectra. Fig. 8 shows cuts through
the covariance map C∆ (z = 1.25 mm) of Fig. 7(d)
for four different excitation frequencies ωp (a) in com-
parison to the energy loss spectra at those frequencies
obtained by the Kramers-Heisenberg formalism (b). A
good agreement between both spectral shapes of the en-
ergy loss functions is found, both in overall shape and the
position of the peaks in the energy-loss spectrum. The
quality of the SRIXS covariance map can be improved
by increasing the size of the ensemble. Although in this
proof-of-principle study, no additional information can
be gained as compared to a high-resolution RIXS exper-
iment at a third-generation synchrotron light source, the
demonstration of the equivalence of both approaches in
the static limit (starting from the ground state of the
system) is important to validate the method. In the
presently proposed form, SRIXS can be directly extended
to the time-dependent pump-probe scheme, by applying
the SRIXS probe process at well controlled delay times,
following an optical or UV pulse, that prepared a elec-
tronic or vibrational wave packet. As in transient absorp-
tion measurements, this method could unravel coherent
vibronic wave packets.
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FIG. 6. Populations at z = 0 for the strong pump regime Np = 10
12, Nd = 10
10 (a) and weak pump regime Np = 10
10,
Nd = 10
10 (b). Black, red and blue lines are the total populations of the ground ρg, core-excited ρi, and final ρf electronic
states, respectively; the retarded time scale (measured relative to the center of the pump pulse) is used. The inset in plot (a)
shows a zoom of the populations dynamics at the beginning of the pump pulse.
ωd
ω
p
P
h
o
to
n
 e
n
e
rg
y
, 
(e
V
)
C
D
C
0
1
(b)
1e4
(a)
1e−6
L~0
Photon energy, (eV)
(c) (d)
L=1.25 mm
FIG. 7. Covariance maps of the transmitted spectra CT (a,b)
and of the difference spectra C∆ (c,d) for a optically thin
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4000 spectra for the Np = Nd = 10
10 photons.
V. CRITICAL ASSESSMENT OF FEASIBILITY –
PRACTICAL ISSUES
The theoretical predictions for the SRIXS in molecu-
lar gas-phase targets discussed in the previous section
are based on numerical simulations using realistic ex-
perimental conditions, that are in principle available at
present-day XFEL facilities, in particular the LCLS30.
The European XFEL facility, currently under construc-
tion and planned to start operation in 2017, as well as
the planned LCLS II project would even offer higher peak
fluxes and, hence widens the applicability of our proposed
method. Our numerical estimates to describe the molec-
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FIG. 8. (a) SRIXS spectra obtained with the help of the
covariance map of Fig. 7(d) using a narrow spectral window
(0.2 eV) around ωp = 532.2, 533.7, 534.2, and 534.6 eV. (b)
Conventional RIXS simulations at the narrow band (0.05 eV)
excitation for the same ωp energies as in (a).
ular medium are based on accurate ab initio calculations
for the transition dipole moments and experimental po-
tential energy curves and the SASE x-ray radiation is
simulated with the help of stochastic model giving rea-
sonable agreement with the recorded SASE spectra. Our
predictions can therefore be considered as quantitatively
predictive and realistic, and the observation of SRIXS in
CO has been recently experimentally attempted46, so far,
albeit, unsuccessfully due to unfavorable conditions of
the total pulse energy on sample, that could be achieved
in this attempt. Here, we want to address a few practi-
cal issues and limitations, to give a fair assessment of a
possible future realization of SRIXS. We will discuss re-
strictions and typical performance of the XFEL sources
themselves (pulse energy jitter, pulse durations, photon-
energy jitter, etc.), as well as typical beam-line parame-
ters, such as the focus size, mirror losses, resolution and
dynamic range of the spectrometer set-up, etc.
Although theoretical covariance maps can reproduce
the RIXS high-resolution spectra for low pump fluence,
realistically, one needs a Raman gain in the range of at
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FIG. 9. The spectrum of a typical transmitted pair of SASE
pulses (green) at the excitation (a and c) and emission (b and
d) transitions and their ensemble average (blue). Panels (a)
and (b) correspond to the transmitted spectrum of a propa-
gation distance of z = 0.15 mm and (c) and (d) z = 1 mm.
Due to strong resonant absorption of the pump radiation a
larger dynamic range of the spectrometer set-up is required
for the longer medium.
least 0.1 to establish experimental covariance maps of
decent quality. Thus, at least 1012 photons on target
(corresponding to 100 µJ pulse energy on target for a
photon energy of 534 eV) in a focal spot of 1.5 µm radius
are required for SASE pulses of 100 fs duration (see Fig.
3). These parameters can be realistically achieved at the
LCLS facility.
In addition to these quite demanding parameters
for the output of the FEL radiation, the conditions
on the spectroscopy set-up is quite stringent. Fig. 7
shows theoretical covariance maps, calculated from ideal
transmitted spectra, i.e. no shot-noise in the photon
detection, background, finite dynamic range of the
spectrometer setup, etc. was taken into consideration.
To experimentally obtain high-quality covariance maps
one needs a spectrometer set-up that
• (i) has high spectral resolution, on the scale of the
spectral coherence of the XFEL source
• (ii) has high dynamic range (at least 4 orders of
magnitude), so that the weak signal of the absorbed
spectral regions, and spectral spikey structure of
the SASE pulses can be resolved on a logarithmic
scale, along with the amplified spectral regions
• (iii) high read-out rates, to ensure that a large en-
semble of single-shot spectra can be recorded in a
reasonable amount of time.
ad (i): Today, only few beamlines are equipped with spec-
trometers of resolving power E/∆E ≥ 10000 in soft x-ray
range54 and at most XFEL beam lines, a high-resolution
spectrometer is not part of the instrumentation. With
certain transportable spectrometers a resolving power of
E/∆E ∼ 5000 can be achieved, albeit at signal loss,
and loss of the dynamic range, since these resolutions
require operation of the grating-based spectrometer at
higher diffraction orders.
(ii) In order to get high quality SRIXS maps one has to
record the spiky structure of each individual XFEL pulse
with high accuracy. Low-noise, back-illuminated x-ray
CCD cameras have a dynamic range of typically ∼ 104.
For strong absorption resonances (as it is the case for
the present study on CO) a higher dynamic range would
be required. Fig. 9 shows simulated spectra of a pair
of transmitted SASE pulses at two different length set-
tings of the medium. For the thin medium (Fig.9 (a, b)),
that also shows smaller Raman gain, a dynamic range
of 104 would be required. For the medium with higher
optical density (Fig.9 (c, d)), a dynamic range of 106
is required, to quantitatively monitor the absorption on
the strong resonance. Cutting-off the spectrum at a min-
imum threshold intensity (simulating the finite range of
the detector) leads to a smearing the covariance map and,
hence, loss of spectral information.
(iii) In order to improve the quality of the covariance
analysis a large number of the individual shots has to
be acquired in a reasonable amount of time. The LCLS
XFEL has a maximum repetition rate of 120 Hz and the
upcoming European XFEL will have a repetition rate
greater than 2 kHz. The read-out rates of commercially
available small pixel (∼ 10×10µm2) x-ray CCD cameras
are however only a few Hz, which is the main limiting
factor for collecting a better statistics. Improving the
dynamic range, read-out rate and maintaining a small
pixel size will be future technological challenges for high-
resolution spectroscopy at XFEL sources.
All our calculations presented in the last section are
for ideal SASE pulses, simulated by Gaussian noise. The
pulse energies of the individual pulses were renormalized
to a constant value. In reality, SASE pulses from XFELs
have additional shot-to-shot changes. Pulse-energy fluc-
tuations can be monitored on a shot-to-shot basis and
could be filtered out by partial covariance analysis. A
more critical issue is the jitter (shot-to-shot variation
of the electron-bunch energy), that results in a jitter of
the central photon energy of the pulses. Typically the
shot-to-shot energy jitter is on the order of 1%. For the
two-pulse SASE operation, the energy difference of the
two pulses is nearly constant from shot-to-shot, but the
electron-bunch energy jitter in our last experiment46 re-
sulted in stochastic shifts of the pair of pulses in a range
of ±4 eV (see Fig.10(a) showing two randomly generated
two-color SASE pulses with the energy jitter about 3 eV).
To illustrate the influence of the photon-energy jitter on
the covariance technique, we simulated 2000 transmitted
spectra, assuming a photon-energy jitter in the range of
± 4 eV for pulse energy Np = 10
12, Nd = 10
11 photons,
similar to the pulse parameters obtained in the experi-
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FIG. 10. Effect of photon-energy jitter on SRIXS measurements. (a) Example of a pair of two-color incoming SASE pulses
I(ω, 0) with a relative energy difference (jitter) of 3 eV. (b) 2000 simulated SRIXS spectra in logarithmic scale normalized by
the averaged pump intensity log(I(ω)/Ip, Ip = 6.5×10
16 W/cm2 as a function of central photon energy of the pump component
in logarithmic scale, that was varied by ±4 eV. (c) Covariance map CT of Eq. (12) accounting for the pulse energy jitter. The
vibrational fine structure at ωd = 525 − 526 eV and ωp = 533 − 534 eV (see Fig.7(c)) is lost due to the neighboring strong
features reflecting pulse energy jitter. The pulse parameters are adapted from the recent experiment46: Np = 10
12, Nd = 10
11
photons, pulse duration is 100 fs, z = 5 mm.
ment. Fig.10(b), shows the log-scale spectra as a func-
tion of the central photon energy of the pump component
ranging from 530 to 538 eV (in an actual experiment, this
quantity is determined on a shot-to-shot basis by mon-
itoring the electron-bunch energy). The strong, broad
absorption 1s → pi∗ resonance is clearly visible at 534
eV. Fig.10(c) shows the corresponding covariance map
CT of the same data set. The energy correlation of the
pump and dump frequency is clearly seen as the diago-
nal feature, showing a width of 3 eV, that corresponds
to the width of a single SASE component. The position
of the 1s → pi∗ absorption resonance, is visible as corre-
lated region at the crossing point 534/525 eV, for which
the covariance drops. The spectral region between the
pump and dump pulse become visible as the large-scale
structures of negative covariance, showing a scale of 5-6
eV, that corresponds to the dark spectral region in be-
tween the pair of SASE pulses. Fine modulations of the
large-scale structures are due to unconverted statistics.
Comparing to the ideal covariance maps of Fig.7, the Ra-
man signal and the vibrational fine structure (diagonal
fine stripes the covariance map) is completely buried in
the dominating covariance features of the jittering SASE
pulses. A comparison of the absolute scale of the co-
variance shows that the covariances due to the Raman
scattering process are on the order of 10−6 (see Fig.7),
the overall scale of the covariance in Fig.10(c) is however
of order 106, which already demonstrates, that simple
covariance analysis is not sufficient. A way to circum-
vent this problem would be to record a large quantity of
single-shot spectra and plot partial covariances52,53 with
respect to the central-photon energy (electron-bunch en-
ergy of the accelerator).
VI. CONCLUSIONS
We presented a detailed feasibility study on stimu-
lated resonant inelastic x-ray scattering (SRIXS), also re-
ferred to as stimulated resonant x-ray Raman scattering
with self-amplified spontaneous emission (SASE) pulses
from x-ray free-electron lasers. Our theoretical model
is quantitatively predictive and includes the treatment
of the electronic and vibrational degrees of freedom of
the molecular system, by restricting the molecular den-
sity matrix to a number of resonantly coupled electronic
states. The equations of motion for the density matrix
are self-consistently coupled to the Maxwell Equations
in the one-dimensional paraxial approximation, so that
propagation effects, absorption and stimulated resonant
scattering can be treated. In this way, quantitative pre-
dictive spectra of the transmitted x-ray pulses are deter-
mined, that are the basis for discussing possible experi-
ments at XFEL facilities that are available presently, or
in the near future. A detailed discussion of SRIXS in an
ensemble of CO molecules at the O1s→ pi∗ core-excited
resonance is presented. The pump intensity and optical
density of the gas medium can be optimized to maintain a
high Raman-gain regime throughout the whole medium.
For CO at density-length products of Nz ≈ 2.5 × 10−18
cm−2, an intensity on target of ∼ 6.5 · 1016 W/cm2 (cor-
responding to 1012 photons on a 7 µm2 cross sectional
area within a pulse of 100 fs duration) is required to
achieve a sizeable occupation of the core-excited state
and inducing high Raman gains. In this regime, Raman
gains of roughly an order of magnitude in the spectral
intensity can be obtained, however, in the strong nonlin-
ear coupling region of the ground state to core-excited
state transition. This results in broadened spectral fea-
tures that undermine high resolution spectroscopy as a
diagnostic method, but open up the possibility to study
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nonlinear optical effects, such as Rabi oscillations and
saturated stimulated electronic x-ray Raman scattering,
in the x-ray region. More sophisticated statistical anal-
ysis techniques, as applied in nonlinear stochastic spec-
troscopy with optical light55, might be a pathway to ex-
tract nonlinear x-ray response functions, but need to be
developed.
In the weak-field limit, SRIXS can serve as high-
resolution spectral probe process of the underlying
molecule, similar to conventional RIXS at third genera-
tion x-ray light sources. With SASE pulses from XFELs,
high-resolution SRIXS photon-in photon-out spectra can
be obtained by the acquisition of an ensemble of single-
shot stochastic spectra and subsequent covariance anal-
ysis of the spectra. The energy resolution of this method
is determined by the spectral coherence of the incoming
SASE pulses (the average spectral spike width that is
proportional to the inverse pulse SASE pulse duration),
so that with appropriately long pulses (pulse duration >
50 fs) vibrational resolution can be achieved.
SRIXS has several advantages over conventional RIXS.
Tuning the dump (seed) pulse can be tuned to a par-
ticular electronic transition, so that otherwise dark or
weak electronic transitions can be enhanced and accu-
rately measured, that are otherwise buried in the RIXS
signal of the strongest transitions. In contrast to conven-
tional time-resolved RIXS at FELs, SRIXS does not rely
on the availability of a monochromator. By collecting an
ensemble of SRIXS spectra of 5000 pairs of broad band
SASE pulses, a complete photon-in photon-out spectrum
(SRIXS map) can be achieved. The signal is detected in
forward direction (homodyne detection with the incom-
ing fields) so that high-resolution single-shot spectra can
be recorded for also optically thin samples. A critical
assessment of the feasibility of the experiment and the
required experimental parameters was presented.
The proposed technique can be extended to larger
molecular systems and to the hard x-ray spectral range,
opening new doors for studying ultra fast nuclear dynam-
ics using the advantage of high element and site selectiv-
ity of x-rays. Moreover, our theoretical study show that
stimulated electronic x-ray Raman scattering, the build-
ing block of several nonlinear x-ray pump-probe spec-
troscopic techniques32,33 should be accessible with cur-
rently achievable x-ray intensities. These methods re-
quire, in principle, accurately timed, transform limited
x-ray pulses of attosecond duration. Several theoretical
proposals to create attosecond FEL pulses exist56–60, but
so far remained experimentally unexplored. With the ad-
vancement of XFEL sources in seeding26,61,62, and seeded
two-pulse schemes31,63, two-pulse attosecond FEL oper-
ation might, however, be available in the near future.
ACKNOWLEDGEMENTS
We acknowledge financial support from the Max
Planck Society; VK also acknowledges financial sup-
port from the Knut and Alice Wallenberg Foundation
(Grant No. KAW-2013.0020) for the project Strong Field
Physics and New States of Matter. The simulations were
performed on resources provided by the Swedish National
Infrastructure for Computing (SNIC 2015/1-69).
1J. Tenboer, S. Basu, N. Zatsepin, K. Pande, D. Milathianaki,
M. Frank, M. Hunter, S. Boutet, G. J. Williams, J. E. Koglin,
D. Oberthuer, M. Heymann, C. Kupitz, C. Conrad, J. Coe,
S. Roy-Chowdhury, U. Weierstall, D. James, D. Wang, T. Grant,
A. Barty, O. Yefanov, J. Scales, C. Gati, C. Seuring, V. Srajer,
R. Henning, P. Schwander, R. Fromme, A. Ourmazd, K. Moffat,
J. J. Van Thor, J. C. H. Spence, P. Fromme, H. N. Chapman,
and M. Schmidt, “Time-resolved serial crystallography captures
high-resolution intermediates of photoactive yellow protein,” Sci-
ence 346, 1242–1246 (2014).
2T. R. M. Barends, L. Foucar, A. Ardevol, K. Nass, A. Aquila,
S. Botha, R. B. Doak, K. Falahati, E. Hartmann, M. Hilpert,
M. Heinz, M. C. Hoffmann, J. Kfinger, J. E. Koglin, G. Ko-
vacsova, M. Liang, D. Milathianaki, H. Lemke, J. Reinstein,
C. M. Roome, R. L. Shoeman, G. J. Williams, I. Burghardt,
G. Hummer, S. Boutet, and I. Schlichting, “Direct observation
of ultrafast collective motions in co myoglobin upon ligand dis-
sociation,” Science 350, 445 – 450 (2015).
3W. Zhang, R. Alonso-Mori, U. Bergmann, C. Bressler, M. Chol-
let, A. Galler, W. Gawelda, R. G. Hadt, R. W. Hartsock, T. Kroll,
K. S. Kjæ r, K. Kubicˇek, H. T. Lemke, H. W. Liang, D. A. Meyer,
M. M. Nielsen, C. Purser, J. S. Robinson, E. I. Solomon, Z. Sun,
D. Sokaras, T. B. van Driel, G. Vanko´, T.-C. Weng, D. Zhu, and
K. J. Gaffney, “Tracking excited-state charge and spin dynamics
in iron coordination complexes.” Nature 509, 345–8 (2014).
4C. Bressler, C. Milne, V.-T. Pham, A. Elnahhas, R. M. van der
Veen, W. Gawelda, S. Johnson, P. Beaud, D. Grolimund,
M. Kaiser, C. N. Borca, G. Ingold, R. Abela, and
M. Chergui, “Femtosecond XANES study of the light-
induced spin crossover dynamics in an iron(II) complex.”
Science (New York, N.Y.) 323, 489–92 (2009).
5L. X. Chen, “Probing transient molecular structures in photo-
chemical processes using laser-initiated time-resolved x-ray ab-
sorption spectroscopy,” Annual Review of Physical Chemistry
56, 221–254 (2005).
6M. Beye, P. Wernet, C. Schler-Langeheine, and A. Fhlisch,
“Time resolved resonant inelastic x-ray scattering: A supreme
tool to understand dynamics in solids and molecules,” Journal of
Electron Spectroscopy and Related Phenomena 188, 172 – 182
(2013).
7P. Wernet, K. Kunnus, I. Josefsson, I. Rajkovic, W. Quevedo,
M. Beye, S. Schreck, S. Gru¨bel, M. Scholz, D. Nordlund,
W. Zhang, R. W. Hartsock, W. F. Schlotter, J. J. Turner,
B. Kennedy, F. Hennies, F. M. F. de Groot, K. J. Gaffney,
S. Techert, M. Odelius, and A. Fo¨hlisch, “Orbital-specific map-
ping of the ligand exchange dynamics of Fe(CO)5 in solution.”
Nature 520, 78–81 (2015).
8L. Perfetti, P. Loukakos, M. Lisowski, U. Bovensiepen, H. Eisaki,
and M. Wolf, “Ultrafast electron relaxation in superconduct-
ing Bi2 Sr2 CaCu2 O8+δ by time-resolved photoelectron spec-
troscopy,” Physical Review Letters 99, 197001 (2007).
9A. Pietzsch, A. Fhlisch, M. Beye, M. Deppe, F. Hennies,
M. Nagasono, E. Suljoti, W. Wurth, C. Gahl, K. Dbrich,
and A. Melnikov, “Towards time resolved core level photoelec-
tron spectroscopy with femtosecond x-ray free-electron lasers,”
New Journal of Physics 10, 033004 (2008).
10B. K. McFarland, J. P. Farrell, S. Miyabe, F. Tarantelli,
A. Aguilar, N. Berrah, C. Bostedt, J. D. Bozek, P. H. Bucksbaum,
J. C. Castagna, R. N. Coffee, J. P. Cryan, L. Fang, R. Feifel, K. J.
Gaffney, J. M. Glownia, T. J. Martinez, M. Mucke, B. Murphy,
A. Natan, T. Osipov, V. S. Petrovic´, S. Schorb, T. Schultz, L. S.
Spector, M. Swiggers, I. Tenney, S. Wang, J. L. White, W. White,
and M. Gu¨hr, “Ultrafast X-ray Auger probing of photoexcited
molecular dynamics.” Nature communications 5, 4235 (2014).
Stochastic stimulated electronic x-ray Raman spectroscopy 13
11S. B. Zhang and N. Rohringer, “Quantum beat auger spec-
troscopy,” Physical Review A , to appear (2015).
12J. Kern, R. Alonso-Mori, R. Tran, J. Hattne, R. J. Gildea,
N. Echols, C. Glo¨ckner, J. Hellmich, H. Laksmono, R. G.
Sierra, B. Lassalle-Kaiser, S. Koroidov, A. Lampe, G. Han,
S. Gul, D. Difiore, D. Milathianaki, A. R. Fry, A. Miah-
nahri, D. W. Schafer, M. Messerschmidt, M. M. Seibert,
J. E. Koglin, D. Sokaras, T.-C. Weng, J. Sellberg, M. J. La-
timer, R. W. Grosse-Kunstleve, P. H. Zwart, W. E. White,
P. Glatzel, P. D. Adams, M. J. Bogan, G. J. Williams, S. Boutet,
J. Messinger, A. Zouni, N. K. Sauter, V. K. Yachandra,
U. Bergmann, and J. Yano, “Simultaneous femtosecond X-ray
spectroscopy and diffraction of photosystem II at room temper-
ature.” Science (New York, N.Y.) 340, 491–5 (2013).
13J. Kern, V. K. Yachandra, and J. Yano, “Metalloprotein struc-
tures at ambient conditions and in real-time: biological crys-
tallography and spectroscopy using x-ray free electron lasers,”
Current Opinion in Structural Biology 34, 87 – 98 (2015).
14N. Rohringer, D. Ryan, R. London, M. Purvis, F. Albert,
J. Dunn, J. D. Bozek, C. Bostedt, A. Graf, R. Hill, S. P. Hau-
Riege, and J. J. Rocca, “Atomic inner-shell X-ray laser at 1.46
nanometres pumped by an X-ray free-electron laser,” Nature
481, 488–491 (2012).
15V. Kimberg and N. Rohringer, “Amplified x-ray
emission from core-ionized diatomic molecules,”
Phys. Rev. Lett. 110, 043901 (2013).
16H. Yoneda, Y. Inubushi, K. Nagamine, Y. Michine, H. Ohashi,
H. Yumoto, K. Yamauchi, H. Mimura, H. Kitamura,
T. Katayama, T. Ishikawa, and M. Yabashi, “Atomic inner-
shell laser at 1.5-˚angstro¨m wavelength pumped by an X-ray free-
electron laser,” Nature 524, 446–449 (2015).
17L. J. P. Ament, M. van Veenendaal, T. P. Devereaux,
J. P. Hill, and J. van den Brink, “Resonant in-
elastic x-ray scattering studies of elementary excitations,”
Rev. Mod. Phys. 83, 705–767 (2011).
18A. Kotani and S. Shin, “Resonant inelastic x-ray scattering spec-
tra for electrons in solids,” Rev. Mod. Phys. 73, 203–246 (2001).
19J.-P. Rueff and A. Shukla, “Inelastic x-ray scatter-
ing by electronic excitations under high pressure,”
Rev. Mod. Phys. 82, 847–896 (2010).
20F. Hennies, A. Pietzsch, M. Berglund, A. Fo¨hlisch, T. Schmitt,
V. Strocov, H. O. Karlsson, J. Andersson, and J.-E. Rubens-
son, “Resonant inelastic scattering spectra of free molecules with
vibrational resolution,” Phys. Rev. Lett. 104, 193002 (2010).
21A. Pietzsch, Y.-P. Sun, F. Hennies, Z. Rinkevicius, H. O.
Karlsson, T. Schmitt, V. N. Strocov, J. Andersson,
B. Kennedy, J. Schlappa, A. Fo¨hlisch, J.-E. Rubensson,
and F. Gel’mukhanov, “Spatial quantum beats in vibrational
resonant inelastic soft x-ray scattering at dissociating states in
oxygen,” Phys. Rev. Lett. 106, 153004 (2011).
22A. Pietzsch, F. Hennies, P. S. Miedema, B. Kennedy, J. Schlappa,
T. Schmitt, V. N. Strocov, and A. Fo¨hlisch, “Snapshots of the
fluctuating hydrogen bond network in liquid water on the sub-
femtosecond timescale with vibrational resonant inelastic x-ray
scattering,” Phys. Rev. Lett. 114, 088302 (2015).
23P. A. Bru¨hwiler, O. Karis, and N. Ma˚rtensson, “Charge-
transfer dynamics studied using resonant core spectroscopies,”
Rev. Mod. Phys. 74, 703–740 (2002).
24D. Menzel, “Ultrafast charge transfer at sur-
faces accessed by core electron spectroscopies,”
Chem. Soc. Rev. 37, 2212–2223 (2008).
25F. Gel’mukhanov and H. A˚gren, “Resonant x-ray raman scatter-
ing,” Phys. Rep. 312, 87–330 (1999).
26D. Ratner, R. Abela, J. Amann, C. Behrens, D. Bohler,
G. Bouchard, C. Bostedt, M. Boyes, K. Chow, D. Cocco, F. J.
Decker, Y. Ding, C. Eckman, P. Emma, D. Fairley, Y. Feng,
C. Field, U. Flechsig, G. Gassner, J. Hastings, P. Heimann,
Z. Huang, N. Kelez, J. Krzywinski, H. Loos, A. Lutman,
A. Marinelli, G. Marcus, T. Maxwell, P. Montanez, S. Moeller,
D. Morton, H. D. Nuhn, N. Rodes, W. Schlotter, S. Serkez,
T. Stevens, J. Turner, D. Walz, J. Welch, and J. Wu, “Ex-
perimental demonstration of a soft x-ray self-seeded free-electron
laser,” Phys. Rev. Lett. 114, 054801 (2015).
27J. Amann, W. Berg, V. Blank, F.-J. Decker, Y. Ding, P. Emma,
Y. Feng, J. Frisch, D. Fritz, J. Hastings, Z. Huang, J. Krzywin-
ski, R. Lindberg, H. Loos, A. Lutman, H.-D. Nuhn, D. Ratner,
J. Rzepiela, D. Shu, Y. Shvyd’ko, S. Spampinati, S. Stoupin,
S. Terentyev, E. Trakhtenberg, D. Walz, J. Welch, J. Wu, A. Zho-
lents, and D. Zhu, “Demonstration of self-seeding in a hard-X-
ray free-electron laser,” Nature Photonics 6, 693–698 (2012).
28C. Weninger, M. Purvis, D. Ryan, R. a. London, J. D.
Bozek, C. Bostedt, A. Graf, G. Brown, J. J. Rocca, and
N. Rohringer, “Stimulated Electronic X-Ray Raman Scattering,”
Physical Review Letters 111, 233902 (2013).
29C. Weninger and N. Rohringer, “Stimulated resonant
x-ray Raman scattering with incoherent radiation,”
Physical Review A 88, 053421 (2013).
30A. Lutman, R. Coffee, Y. Ding, Z. Huang, J. Krzywinski,
T. Maxwell, M. Messerschmidt, and H.-D. Nuhn, “Experimen-
tal demonstration of femtosecond two-color x-ray free-electron
lasers,” Physical Review Letters 110, 134801 (2013).
31E. Allaria, F. Bencivenga, R. Borghes, F. Capotondi, D. Cas-
tronovo, P. Charalambous, P. Cinquegrana, M. B. Danailov,
G. De Ninno, A. Demidovich, S. Di Mitri, B. Diviacco, D. Fausti,
W. M. Fawley, E. Ferrari, L. Froehlich, D. Gauthier, A. Gessini,
L. Giannessi, R. Ivanov, M. Kiskinova, G. Kurdi, B. Mahieu,
N. Mahne, I. Nikolov, C. Masciovecchio, E. Pedersoli, G. Penco,
L. Raimondi, C. Serpico, P. Sigalotti, S. Spampinati, C. Spez-
zani, C. Svetina, M. Trovo`, and M. Zangrando, “Two-colour
pump-probe experiments with a twin-pulse-seed extreme ultravi-
olet free-electron laser.” Nature communications 4, 2476 (2013).
32S. Tanaka and S. Mukamel, “Coherent x-ray raman spec-
troscopy: A nonlinear local probe for electronic excitations,”
Phys. Rev. Lett. 89, 043001 (2002).
33Y. Zhang, J. D. Biggs, N. Govind, and S. Mukamel, “Monitoring
long-range electron transfer pathways in proteins by stimulated
attosecond broadband x-ray raman spectroscopy,” The Journal
of Physical Chemistry Letters 5, 3656–3661 (2014).
34T. K. Sham, B. X. Yang, J. Kirz, and J. S. J.
Tse, “K-edge near-edge x-ray-absorption fine structure of
oxygen-and carbon-containing molecules in the gas phase,”
Physical Review A 40, 652–669 (1989).
35P. Skytt, P. Glans, K. Gunnelin, J. Guo, and J. Nordgren, “Role
of screening and angular distributions in resonant x-ray emission
of CO,” Physical Review A 55, 134–145 (1997).
36C. Weninger and N. Rohringer, “Transient-gain photoionization
x-ray laser,” Phys. Rev. A 90, 063828 (2014).
37E. Saldin, E. Schneidmiller, and M. Yurkov, “Statistical prop-
erties of radiation from vuv and x-ray free electron laser,”
Optics Communications 148, 383 – 403 (1998).
38S. Krinsky and R. L. Gluckstern, “Analysis of sta-
tistical correlations and intensity spiking in the self-
amplified spontaneous-emission free-electron laser,”
Phys. Rev. ST Accel. Beams 6, 050701 (2003).
39G. Vannucci and M. C. Teich, “Computer simula-
tion of superposed coherent and chaotic radiation.”
Applied optics 19, 548–53 (1980).
40N. Rohringer and R. Santra, “X-ray nonlinear optical processes
using a self-amplified spontaneous emission free-electron laser,”
Phys. Rev. A 76, 033416 (2007).
41J. Fleck, “Ultrashort-pulse generation by Q-switched lasers,”
Physical Review B 1, 84 (1970).
42H.-J. Werner and et al, MOLPRO version 2012.1 a package of ab
initio programs (www.molpro.net) (2012).
43V. Kimberg, S. B. Zhang, and N. Rohringer, “X-ray lasing in
the CO molecule,” J. Phys. B: At. Mol. Opt. Phys. 46, 164017
(2013).
44J. J. Yeh and I. Lindau, “Atomic subshell photoionization cross
sections and asymmetry parameters: 1<Z<103,” Atomic Data
and Nuclear Data Tables 32, 1–155 (1985).
Stochastic stimulated electronic x-ray Raman spectroscopy 14
45M. Neeb and J. Rubensson, “Coherent excitation of vibrational
wave functions observed in core hole decay spectra of O2, N2 and
CO,” Journal of Electron Spectroscopy and Related Phenomena
67, 261–274 (1994).
46N. Rohringer, V. Kimberg, C. Weninger, A. Sanchez-Gonzalez,
A. n, T. Maxwell, C. Bostedt, S. Carron Monterro, A. Lindahl,
M. Ilchen, R. Coffee, J. D. Bozek, , J. Krzywinski, T. Kierspel,
T. Mullins, J. Ku¨pper, B. Erk, D. Rolles, O. Mu¨cke, R. Lon-
don, M. Purvis, D. Ryan, J. J. Rocca, R. Feifel, R. Squibb,
V. Zhaunerchyk, C. Sathe, M. Agaker, M. Mu¨cke, J. Nordgren,
and J. E. Rubensson, “Stimulated x-ray raman scattering with
free-electron laser sources,” Proceedings of the 14th International
Conference on X-Ray Lasers, Springer Proceedings in Physics
201, 201 (2015).
47W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flan-
nery, Numerical Recipies. The Art of Scientific Computing, 3rd
ed. (Cambridge University Press, Cambridge, 2007).
48P. Demekhin, Y. Chiang, and L. S. Cederbaum, “Resonant
Auger decay of the core-excited C∗O molecule in intense X-ray
laser fields,” Physical Review A 84, 033417 (2011).
49N. Rohringer and R. Santra, “Strongly driven resonant auger
effect treated by an open-quantum-system approach,” Phys. Rev.
A 86, 043434 (2012).
50M. Coreno, M. de Simone, K. C. Prince, R. Richter, M. Von-
dracek, L. Avaldi, and R. Camilloni, “Vibrationally resolved
oxygen K→ Π∗ spectra of O2 and CO,” Chemical Physics Let-
ters 306, 269–274 (1999).
51L. Allen and J. H. Eberly, Optical Resonance and Two-level
Atoms (John Wiley & Sons, Inc., New York, 1975).
52L. J. Frasinski, K. Codling, and P. a. Hatherly, “Covariance
mapping: a correlation method applied to multiphoton multiple
ionization.” Science (New York, N.Y.) 246, 1029–31 (1989).
53V. Zhaunerchyk, M. Mucke, P. Sale´n, P. V. Meulen, M. Kamin-
ska, R. J. Squibb, L. J. Frasinski, M. Siano, J. H. D.
Eland, P. Linusson, R. D. Thomas, M. Larsson, L. Fou-
car, J. Ullrich, K. Motomura, S. Mondal, K. Ueda, T. Os-
ipov, L. Fang, B. F. Murphy, N. Berrah, C. Bostedt, J. D.
Bozek, S. Schorb, M. Messerschmidt, J. M. Glownia, J. P.
Cryan, R. N. Coffee, O. Takahashi, S. Wada, M. N. Pi-
ancastelli, R. Richter, K. C. Prince, and R. Feifel, “Using co-
variance mapping to investigate the dynamics of multi-photon
ionization processes of Ne atoms exposed to X-FEL pulses,”
J. of Phys. B: At., Molec. and Opt. Phys. 46, 164034 (2013).
54G. Ghiringhelli, A. Piazzalunga, C. Dallera, G. Trezzi,
L. Braicovich, T. Schmitt, V. N. Strocov, R. Betemps, L. Patthey,
X. Wang, and M. Grioni, “Saxes, a high resolution spectrome-
ter for resonant x-ray emission in the 4001600ev energy range,”
Review of Scientific Instruments 77, 113108 (2006).
55D. B. Turner, D. J. Howey, E. J. Sutor, R. A. Hendrickson,
M. W. Gealy, and D. J. Ulness, “Two-dimensional electronic
spectroscopy using incoherent light: Theoretical analysis,” The
Journal of Physical Chemistry A 117, 5926–5954 (2013).
56A. A. Zholents and G. Penn, “Obtaining attosecond x-ray pulses
using a self-amplified spontaneous emission free electron laser,”
Phys. Rev. ST Accel. Beams 8, 050704 (2005).
57E. L. Saldin, E. A. Schneidmiller, and M. V. Yurkov, “Self-
amplified spontaneous emission fel with energy-chirped electron
beam and its application for generation of attosecond x-ray
pulses,” Phys. Rev. ST Accel. Beams 9, 050702 (2006).
58A. A. Zholents and W. M. Fawley, “Proposal for in-
tense attosecond radiation from an x-ray free-electron laser,”
Phys. Rev. Lett. 92, 224801 (2004).
59E. Prat and S. Reiche, “Simple method to gener-
ate terawatt-attosecond x-ray free-electron-laser pulses,”
Phys. Rev. Lett. 114, 244801 (2015).
60G. Marcus, G. Penn, and A. A. Zholents, “Free-electron laser
design for four-wave mixing experiments with soft-x-ray pulses,”
Phys. Rev. Lett. 113, 024801 (2014).
61S. Ackermann, A. Azima, S. Bajt, J. Bo¨dewadt, F. Curbis,
H. Dachraoui, H. Delsim-Hashemi, M. Drescher, S. Du¨sterer,
B. Faatz, M. Felber, J. Feldhaus, E. Hass, U. Hipp,
K. Honkavaara, R. Ischebeck, S. Khan, T. Laarmann, C. Lech-
ner, T. Maltezopoulos, V. Miltchev, M. Mittenzwey, M. Rehders,
J. Ro¨nsch-Schulenburg, J. Rossbach, H. Schlarb, S. Schreiber,
L. Schroedter, M. Schulz, S. Schulz, R. Tarkeshian, M. Tischer,
V. Wacker, and M. Wieland, “Generation of coherent 19- and
38-nm radiation at a free-electron laser directly seeded at 38 nm,”
Phys. Rev. Lett. 111, 114801 (2013).
62G. De Ninno, D. Gauthier, B. Mahieu, P. R. Ribicˇ, E. Allaria,
P. Cinquegrana, M. B. Danailov, A. Demidovich, E. Ferrari,
L. Giannessi, G. Penco, P. Sigalotti, and M. Stupar, “Single-shot
spectro-temporal characterization of XUV pulses from a seeded
free-electron laser.” Nature communications 6, 8075 (2015).
63A. A. Lutman, F.-J. Decker, J. Arthur, M. Chollet, Y. Feng,
J. Hastings, Z. Huang, H. Lemke, H.-D. Nuhn, A. Marinelli, J. L.
Turner, S. Wakatsuki, J. Welch, and D. Zhu, “Demonstration
of single-crystal self-seeded two-color x-ray free-electron lasers,”
Phys. Rev. Lett. 113, 254801 (2014).
